Background: Several case reports have described anatomical variations that can cause difficulty with front-of-neck airway access, such as major vessels anterior to the trachea. The prevalence of these anomalies is unknown. Methods: We screened 500 consecutive thoracic computed tomography (CT) scans in adult patients performed independently in any public hospital in Western Australia. The prevalence of major vessels anterior to the trachea in the anterior triangle of the neck was determined. Results: In the suprasternal notch, 264 CT scans (53%) demonstrated part of a major vessel anterior to the trachea, most commonly the brachiocephalic artery. At 10, 20, and 30 mm above the suprasternal notch, respectively, 126 (25%), 48 (9%), and 5 (1%) CT scans showed a major vessel anterior to the trachea. None showed a major vessel anterior to the cricothyroid membrane. In the suprasternal notch, a major vessel was anterior to the trachea in 10 of 120 CT scans (8%) that had a manubrio-cricoid distance <25 mm, and 108 of 116 CT scans (93%) that had a manubrio-cricoid distance >50 mm. In a logistic-regression model, increased length of trachea above the manubrium was a strong predictor of major vessels anterior to the trachea in the suprasternal notch, whilst sex, age, thoracic kyphosis, tracheal diameter, and the origin of the brachiocephalic artery were not strong predictors. Conclusions: It is common for patients to have some portion of a major vessel anterior to the trachea at sites where an emergency tracheostomy might be performed.
Editor's key points
The presence of major vessels anterior to the cricothyroid segment or the trachea can cause difficulty with front-of-neck airway access, but its incidence is not known. The incidence of major vessels anterior to the trachea is high (53%), but is much less at the cricothyroid segment.
Medical practitioners may be required to perform a tracheostomy, cricothyroidotomy, or cricothyroid puncture in patients with severe airway compromise. 1, 2 In ideal circumstances, these procedures are performed by an experienced surgeon or intensive care physician, possessing day-to-day familiarity of the relevant anatomy, but in emergency circumstances, they may need to be performed by clinicians who do not have extensive surgical training, such as anaesthetists, or emergency department physicians. Standard textbooks describe the major branches of the aorta originating anterior to the trachea, but coming to lie on either side of the trachea before it enters the anterior triangle of the neck. 3 The left innominate vein crosses the trachea behind the manubrium, so the major veins lie on each side of the trachea in the anterior triangle (Fig. 1A ). Variations to this pattern are usually reported as rare anomalies, for example, the occurrence of major vessels anterior to the trachea in the anterior triangle. This anomaly may cause severe morbidity 4, 5 or near-miss incidents 6e14 if front-of-neck access is attempted. The variability of the aortic arch and branches, 15e18 and the relationship of these to the vertebral bodies, 19 have been systematically described. However, with the exception of a recent study in the setting of complex cervical surgery, 20 it is not known how frequently medical practitioners may expect to find major vessels anterior to the cervical trachea in a typical patient population. It is also unclear if these anomalies can be predicted from the patient's characteristics, such as gender, advanced age, or marked kyphosis.
The aim of the current study was to estimate the prevalence of adult patients with major vessels anterior to the trachea at sites where emergency front-of-neck airway access may be attempted.
Methods
Ethics approval was given by the Sir Charles Gairdner Hospital Human Research Ethics Committee, approval 2013-083.
Consecutive computed tomography (CT) scans of the thoracic region in patients more than 16 yr of age at any Western Australia State Health Department Hospital were studied. This included in-patient and outpatient scans from four tertiary hospitals and five secondary hospitals, including weekend and out-of-hours scans. Scans were performed in the supine position, with a small pillow under the head and the gantry perpendicular to the table. Patient CT scans were included regardless of the diagnostic reason for the scan, with the exception of scans performed for the estimation of coronary calcium score and for the emergency diagnosis of pulmonary embolus: these were excluded because they were performed under protocols that did not include all relevant areas with sufficient resolution. Other exclusion criteria included scans performed with slice intervals greater than 3 mm, if the resolution of the scan did not permit the identification of the arterial structures within the chest, if the suprasternal notch was not included in the scan, if the slice level was not calibrated for distance, or if the scan was performed in the prone position. Otherwise, all consecutive scans over the study period were included.
Repeatability was assessed in a random sample of scans with the same observer making repeat measurements after an interval of at least 1 month. Testeretest performance was estimated by the same observer in a random sample of patients who had undergone a second CT scan of the chest on a different day. Random samples were generated by a table of random numbers.
Measurements
The location of the suprasternal notch was defined as the first scan slice going in an inferior-to-superior direction with no manubrium visible. The lateral bounds of the suprasternal notch were considered to be the medial borders of the clavicles. The top of the clavicular heads was defined as the most superior slice where the distance between the clavicles was 5 mm more than the intra-clavicular distance in the suprasternal notch. The trachea was defined from the inferior border of the thyroid cartilage to the carina. Vertical distances were estimated using the reconstruction measurement tool. Horizontal distances were estimated using the calibrated slice level. Linear distances between objects in different slices, for example, the distance between the origin and end of the trachea, were estimated by triangulation.
Specific measurements
An anteroposterior line was drawn from the lateral borders of the tracheal lumen, and measurement was made of the amount of overlap by any major artery or major vein: (i) at the suprasternal notch; and (ii) 10, 20, and 30 mm above the suprasternal notch.
Other measurements included the following: (i) the distance between the suprasternal notch and the thyroid cartilage; (ii) the origin of the brachiocephalic artery, defined as the most inferior slice where the brachiocephalic artery was distinct from the aorta; (iii) the location where the brachiocephalic artery completed crossing the trachea, defined as the most inferior slice where no part of the brachiocephalic artery overlapped the anterioreposterior (AP) projection of the trachea; (iv) the superior extent of the aorta, defined as the most superior slice with any aorta visible; (v) the amount of rotation of the patient's chest as estimated by drawing a line from the centre of the spinal cord to the midpoint of the sternum, and measurements of the brachiocephalic artery origin were taken parallel to this line; (vi) the transverse diameter of the trachea at the suprasternal notch; (vii) the location of the thyroid gland in relation to the suprasternal notch, and this was defined as wholly retrosternal if all the thyroid gland was inferior to the suprasternal notch, partly retrosternal if any part of the thyroid gland was behind the manubrium, or suprasternal if all the gland was above the retrosternal notch; and (viii) the amount of thoracic kyphosis was measured by measuring the angle between the C7/T1 intervertebral disc and the T11/T12 intervertebral disc.
Statistical analysis
Continuous variables are reported as mean with standard deviation (SD) in brackets. Categorical variables are reported as number and proportion.
Statistical power
The primary hypothesis of this project was to determine the proportion of patients with a major vessel anterior to the trachea in the suprasternal notch. We aimed to estimate this proportion with plus or minus 5% accuracy. We calculated that 500 patient scans would be required to estimate this if the observed proportion of patients with a major vessel anterior to the trachea was 50%, given an alpha error of 5% and a beta error of 20%. The 50% proportion was chosen as the worst-case scenario in terms of accuracy; any other proportion would require fewer patients. For example, if the observed proportion was 5%, then 500 patients would estimate the true proportion with plus or minus, 2% accuracy.
Repeatability and testeretest agreement were estimated by Pearson correlation coefficient.
Using a logistic-regression model, we examined the association between the presence of a major vessel over-riding the trachea in the suprasternal notch and clinical features, including sex, older age, a short trachea, a wide trachea, a common origin of the brachiocephalic and carotid arteries ('bovine aorta'), a high origin of the brachiocephalic artery relative to the carina, a more leftward origin of the brachiocephalic artery relative to the trachea, and a low-riding manubrium. We assessed the position of the manubrium in relation to the trachea in the longitudinal plane by measuring the proportion of the total tracheal length above the suprasternal notch. In the logistic-regression model, the dependent variable was any overlap of a major vessel with the AP projection of the trachea at the suprasternal notch; the independent variables were the predictive variables described previously, with continuous variables categorised into terciles.
Because the tracheal length can be estimated only by imaging, we also tested if this variable could be substituted by the length of trachea above the suprasternal notch, as this could feasibly be estimated at the bedside.
Results
There were 500 consecutive patient CT scans that met the inclusion criteria. This required recruiting a total of 543 initially, as 43 were excluded based on a priori criteria. The mean age of the patients was 62.7 yr (range: 16e93 yr). There were 211 females (42.2%). The scans were performed for investigation of primary extra-thoracic disease in 62% of patients. The mean rotation of patients' chests on the scan table was 0.3 degrees (SD: 4.3) leftward rotation. Mediastinal shift was observed in 14 patients (2.8%).
In 264 CT scans [53%; 95% confidence interval (CI): 48e57%], some portion of a major vessel was anterior to the tracheal lumen at the suprasternal notch. Most commonly, this was the brachiocephalic artery or carotid artery (Table 1) . In one patient, it was the aortic arch. In two patients, the brachiocephalic trunk was entirely on the left of the trachea in the notch, and crossed the trachea horizontally above the suprasternal notch. Examples are shown in Fig. 1BeD .
The proportion of patients with major vessels anterior to the trachea decreased as the trachea ascended in the anterior triangle. Ten millimetres above the suprasternal notch, 126 scans (25%; 95% CI: 22e29%) had part of a major vessel anterior to the trachea, with 47 (9%) having more than half of the anterior tracheal border covered by a major vessel at this point. Twenty millimetres above the suprasternal notch, 48 scans (9%; 95% CI: 7.3e12.5%) had some part of the brachiocephalic artery or right carotid artery anterior to the trachea, and at 30 mm above the suprasternal notch, there were five patients (1%; 95% CI: 0.4e2.3%) with a major vessel anterior to the tracheal lumen. No scans had a major vessel anterior to the cricothyroid membrane.
No scans were observed with the combination of a short neck and high-riding major vessels. There were 23 patients (5%; 95% CI: 3.1e6.8%) with less than 10 mm between the suprasternal notch and the lower border of the thyroid membrane. None of these had a major vessel anterior to the trachea. Two patients (0.4%; 95% CI: 0.1e1.5%) had the lower border of their thyroid cartilage behind the manubrium.
It was not possible to estimate the length of the trachea in 33 scans, because 31 scans did not include the thyroid cartilage. A further two patients had a laryngectomy. In the remaining 467 patients, the length of the trachea was a mean of 112 mm (SD: 14.1). The mean length of the trachea above the suprasternal notch was 36.1 mm (SD: 16.2). The location of the suprasternal notch was variable, with the proportion of the trachea covered by the sternomanubrial ranging from 22% to 100% of the total length of the trachea [mean: 62%; interquartile range (IQR): 52e72%]. Patients who had a short distance between the suprasternal notch and thyroid cartilage were less likely to have an overlap of their cervical trachea by major vessels (Table 2) .
At the suprasternal notch, the transverse luminal diameter of the trachea in females was 17.5 mm and in males was 19.8 mm. The apex of the aortic arch was a mean of 27.1 mm (13.9) inferior to the suprasternal notch. The point at which the brachiocephalic artery finished crossing the tracheal lumen was 62% (IQR: 57e68%) of the distance from the carina to the thyroid cartilage. The thyroid gland was wholly above the suprasternal notch in 319 patients, partly within the notch in 178 patients, and wholly intrathoracic in 2 patients.
Structural abnormalities
Two patients (0.4%) had dextrocardia with a right aortic arch. Six patients (1.2%) had the right subclavian artery arising from the distal aortic arch and passing behind the oesophagus into the right chest. Thirty patients (6.0%) had the left vertebral artery arising directly from the aortic arch. One hundred and six patients (21.2%) had a common origin of the brachiocephalic and carotid arteries. Features associated with major vessels overlying the trachea in the suprasternal notch are described in Table 3 . The proportion of total tracheal length above the suprasternal notch, or the length of trachea above the notch, was strongly associated with major vessels anterior to the tracheal lumen in the suprasternal notch (Table 3 ). There was a weak association of female sex with wide or short tracheas, and patients with increased thoracic kyphosis. We did not find significant associations with increasing age, brachiocephalic trunk origin, or presence of a common origin of the brachiocephalic and carotid arteries.
Fifty patient scans were subject to repeatability measurements; the mean correlation coefficient was 0.938. Fifty patient scans were subject to the testeretest procedure; the correlation coefficient was 0.858.
Discussion
In a sample of 500 consecutive patients who had a thoracic CT scan for a variety of reasons, we found that more than half had a major vessel, most often the brachiocephalic artery, anterior to the trachea in the suprasternal notch. This has important implications for emergency front-of-neck airway access by clinicians without formal surgical training. Encountering such a major vessel during emergency airway access could result in extensive and potentially uncontrollable bleeding, making the airway access even more difficult and contributing to its own morbidity. Even 3 cm above the suprasternal notch, there remained a proportion of patients with part of a major vessel anterior to the trachea. In contrast, none of the patients had a major vessel anterior to the cricothyroid membrane. This supports a safety advantage of cricothyroidotomy over tracheostomy in emergency airway access, and emphasises the importance of accurately identifying the cricothyroid membrane.
Whilst we did not obtain a random sample of the population, it is unlikely that our sample was biased towards a higher prevalence of major vessels anterior to the trachea. None of the CT scans assessed were performed for the investigation of airway or anterior triangle vascular anomalies. They were performed for other indications, and were unselected and consecutive. In any event, it may not be possible to obtain a more random sample, because it would be unethical to subject a random sample of patients to a CT scan specifically for the purpose of the study. Therefore, until proven otherwise by a more valid technique, for safety reasons, a high proportion of major vessels anterior to the trachea must be assumed if emergency airway access is contemplated.
There are few systematic descriptions of the occurrence of major vessels anterior to the trachea in the root of the neck. Some large studies, including more than 12 000 patients in total, describe the prevalence of anomalies of the aortic arch and branches, but without detailing relationships with the trachea. 15e18 Badshah and colleagues 19 reported variability in vascular and tracheal anatomy relative to the vertebral level in 215 individuals, but did not make observations about the relation between major vessels and the trachea in the neck. In a recent study, Cai and colleagues 20 reported the results of 829
CT scans correlated with intraoperative observations during anterior cervical surgery in a Chinese population. They observed that the upper edge of the innominate artery was located above the suprasternal notch in 26.4% of patients, and in 2.1% of patients the innominate artery was anterior to the trachea midline 2 cm above the suprasternal notch; these are similar proportions to those we have observed in the present study. Farmery and colleagues 21 reported the location of the subclavian artery in relation to the cricoid cartilage in 50 adult patients undergoing MRI examination. They found that there was considerable variability in the distance between the subclavian arteries and the cricoid; also, a shorter length of the trachea above the clavicles was associated with closer proximity of the subclavian artery to the cricoid cartilage. Fawcett and colleagues 22 reported CT data on 100 children and 72 adults, finding the brachiocephalic trunk crossed the trachea above the suprasternal notch in 14 out of 48 children less than 3 yr old, but did not report the incidence of this in older children or adults. Many authors have reported the presence of major vessels anterior to the trachea in the neck as a case report of a rare anomaly, for example, in association with tracheostomy, 6e10 mediastinoscopy, 11 thyroidectomy, 12 parathyroidectomy, 13 and thoracic surgery. 14 Our findings suggest that it is now time to recognise that this anomaly is much more common than previously anticipated. We took the opportunity to investigate whether any clinical features were associated with a higher incidence of major vessels anterior to the trachea in an exploratory analysis using logistic regression. We found that most clinical features were not statistically significant predictors or were only weak predictors of this abnormality. This is a sobering observation, because it means that we can neither 'rule in' nor 'rule out' the presence of major vessels anterior to the neck based on standard clinical features. An exception was the association between the presence of major vessels anterior to the trachea in the anterior triangle and a long length of trachea above the suprasternal notch. If validated in subsequent studies, this could be a potentially useful predictor, because the length of trachea above the suprasternal notch should be easily appreciated by clinical examination.
We observed that only a small proportion of patients, around 5%, had less than 10 mm between their manubrium and larynx, and fewer than 1% had their cricothyroid membrane behind the manubrium. Fortunately, none of these patients also had high-riding major vessels, so it would appear that the combination of low-riding larynx and high-riding major vessels is uncommon.
Despite its observational nature, our study had several strengths. In particular, the aims were defined before data acquisition began, and we examined a large number of scans to give the study both high statistical power and precision. We also carefully validated our measurements with repeatability and testeretest measurements.
Nevertheless, there were several unavoidable weaknesses. The sample of patients we studied is likely to be biased towards those with chest disease, rather than being a representative sample of patients presenting to operating theatres or emergency departments. The patients were routinely imaged with a small pillow under their head: not dissimilar to the position used typically for induction of anaesthesia, but we did not examine whether patient posture (e.g. extending the neck) might influence the position of major neck vessels. There are little scientific data on the effect that neck extension has upon the head and neck vessels, so it is not clear if neck extension increases the exposure to the trachea alone, or to both trachea and accompanying vessels. There are also many smaller vessels that may be present anterior to the trachea, for example, the thyroid artery and veins, or the anterior jugular veins. These may cause bleeding complications, even in experienced hands. 23 We did not study these vessels for two reasons. Firstly, we could not be certain that our imaging techniques would reliably identify these small vessels, typically less than 4 mm in diameter. 24 Secondly, the consequences of damage to these vessels, which may be managed by ligature occlusion, 23 are quite different to those vessels that supply and drain the brain. Also, we did not examine vessels lateral to the trachea, which need to be treated with as much caution and care as those anterior to the trachea, on the basis that the presence of these vessels would be anticipated by medical practitioners as part of normal anatomy. Why do some patients have major vessels anterior to the trachea in the anterior triangle? We can exclude any association with several patient factors; we observed little association with the age of the patient, the severity of thoracic kyphosis, the length of the trachea, the origin of the brachiocephalic artery, or the height of the aorta above the carina. Moreover, we found that the major vessels cross the trachea near its midpoint with little variation between patients. In contrast, we observed that the upper border of the manubrium varies considerably between patients: it may cover all of the trachea, or as little as 22%. We speculate that a high-placed manubrium consistently covers the point at which the major vessels cross the trachea, but that a low-placed manubrium does not. In this way, the variability in the location of the manubrium may be the main anatomical phenomenon that exposes major vessels anterior to the trachea. Whilst this hypothesis would be supported by our findings, it would require confirmation in subsequent studies.
The findings of our study have practical implications for all practitioners who may need to perform emergency percutaneous airway access. Major vessels are unlikely to be found anterior to the cricothyroid membrane, but some part of these vessels is likely to be anterior to the tracheal lumen in the lower part of the anterior triangle, in about 50% of patients, particularly in those with longer necks. The Difficult Airway Society recommends that preoperative examination of the neck should include ultrasonography if inspection and palpation do not identify the trachea and cricothyroid membrane. 25 We would go further than this and suggest that ultrasonography might be useful before front-of-neck access in all but the most dire emergency. Not only might ultrasound help identify the cricothyroid membrane, 26e28 but it may also identify major vessels, and thereby, help to reduce the risk of major vessel injury.
In conclusion, we have found that a major head and neck vessel may be found anterior to the trachea at sites where emergency airway access may be contemplated in a high proportion of patients. This is most likely in the suprasternal notch, where potentially about 50% of patients have part of a major vessel anterior to the trachea. In contrast, none of the CT scans in our study had a major vessel anterior to the cricothyroid membrane, and we observed no combinations of a low-riding larynx and high-riding major vessels. Further studies should be done to confirm these observations (e.g. by using ultrasound imaging), and to determine if this phenomenon can be modified by patient posture. In the meantime, until proven otherwise, clinicians attempting front-of-neck emergency airway should be prepared to encounter major vessels in the suprasternal notch in a high proportion of patients.
